Maize seedlings were irradiated with 20Nes+ generated by the AVF cyclotron. The growth suppression at the different dosages of ion beam was observed in both root and coleoptile.
al. , 1984; Cohen, 1993) . To confirm whether or not radiation induced-growth defect of maize seedlings is associated with similar nuclear changes, we analyzed the irradiated plants for the appearance of DNA laddering. Roots of maize seedlings treated with different doses of Ne ions were used for DNA analysis. As shown in Fig. 2 , DNA fragmentation was observed at a relatively high dosage. Low molecular weight DNA fragments were noted at 100 Gy, and DNA laddering increased significantly with higher dosages.
To analyze the cytological changes induced by the irradiation, the seminal roots (5-mm long from the tip) of the seedlings (48h after irradiation) were fixed and examined by DAPI staining. As seen in Fig. 3B , chromatin condensation and fragmentation were identified in cells irradiated with 10 kGy. Further analysis showed that these morphological changes in nuclei appeared 24h after irradiation (data not shown). Electron microscopic examination confirmed the above morphological changes in irradiated cells. Condensed and dispensed chromatins were found in the concave nuclei (Fig. 3D ) although significant morphological changes were not observed in the mitochondria (data not shown). The cellular structural changes observed in this study mimicked those of apoptosis in animal cells. Since necrosis is characterized by cell swelling and lysis associated with leakage of cellular contents (Cohen, 1993) , the observed ion beam-induced changes noted in our study does not represent necrosis but rather a cell death process that resembles apoptosis of animal cells. Recently, Danon and Gallois (1998) reported that a high dose (40kJ/m2) of UV-C induced oligonucleosomal DNA fragmentation in Arabidopsis seedlings, although nuclei were not examined by electron microscopy.
In general, the irradiation dosage required to induce apoptosis of animal cells is < 10 Gy (Yamada and Ohyama, 1980; Ohyama et al., 1985) . Significantly, about 10-100 times higher dose was required for the induction of apoptotic changes in plant cells. The high resistance of these cells to radioactivity can be explained by the presence of radioprotective chemicals such as flavonoids and sinapic esters in plant cells (Jansen et al., 1998) , different base ratio (Kaplan et al., 1962) , DNA content and nuclear volume (Baetcke et al., 1967) , as well as other yet unknown mechanisms.
Several genes are known to be involved in the process of apoptosis, but no such genes have yet been identified in plants. In this respect, H202 can be considered as an inducer of plant PCD. Specifically, acting as an oxidative burst, H202 has been shown to induce plant cell death (Levine et al., 1994; Tenhanken et al., 1995) . In this regard, radiation is known to exert deleterious effects through the intermediacy of reactive oxygen species (Imlay and Linn, 1988) .
Since ion beam constitutes one form of higher LET ionizing radiation; it can deposit high energy on the target as opposed to low LET radiations such as electron beam, X-and '-rays. Shikazono (1998) reported that carbon ion-induced mutations in Arabidopsis were caused by various types of DNA alterations including deletion, rearrangement, and point mutations in higher plants. Furthermore, it has been suggested that the ion beams cause clustered damage of DNA which is difficult to repair rapidly (Goodhead, 1995) . Thus, the ion beam may be a useful alternative to low LET radiation such as X- 
